Photoelectron spectra of cryogenically cooledX 1 A tert-butyl peroxide anions are obtained using slow electron velocity-map imaging. The spectra show highly structured bands corresponding to detachment to theX 2 A andÃ 2 A electronic states of the neutral radical and represent a notable improvement in resolution over previous photoelectron spectra. We report an electron affinity of 1.1962(20) eV and a term energy T 0 Ã 2 A of 0.9602(24) eV for the tert-butyl peroxy radical. New vibrational structure is resolved, providing several frequencies for both neutral states. Additionally, the threshold behavior of the photodetachment cross section is investigated within the context of Dyson orbital calculations. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Alkyl peroxy radicals (ROO) are important intermediates in atmospheric oxidation and combustion of organic compounds. [1] [2] [3] [4] [5] Atmospheric reactions of alkyl peroxy radicals with NO result in the formation of tropospheric ozone, 6, 7 motivating a large body of work studying the kinetics of reactions of alkyl peroxy radicals with nitroxides. [8] [9] [10] In the absence of nitroxide pollutants, alkyl peroxy radicals can undergo self-reactions, [11] [12] [13] addition to other species, 14 and unimolecular decomposition. 15, 16 Many of these processes also play a role in low-temperature combustion of hydrocarbons, where alkyl peroxy radicals are an important class of reactive intermediates that exhibit complex, temperaturedependent chemistry. [17] [18] [19] The chemistry of alkyl peroxy radicals has motivated the experimental characterization of their energetics and molecular properties using infrared and electronic spectroscopy, [20] [21] [22] [23] photoionization, 24 and negative ion photoelectron spectroscopy. [25] [26] [27] These species have also been investigated in electronic structure calculations. [28] [29] [30] [31] [32] Here, we present slow photoelectron velocity-map imaging (SEVI) spectra of cryogenically cooled tert-butyl peroxide (tBuOO ) anions, yielding vibrational frequencies as well as the energies of the two lowest electronic states of the neutral tert-butyl peroxy radical (tBuOO).
Spectroscopic characterization of the tBuOO radical has been carried out via infrared (IR) absorption in the gas phase and in cryogenic rare gas matrices, yielding several vibrational frequencies ranging from ∼300 to 2000 cm 1 . 33, 34 Comparison of the frequency shifts upon isotopic substitution permitted vibrational assignments. More recently, near-IR cavity ringdown spectroscopy was used to obtain the vibrationally resolved spectra of theÃ 2 A ←X 2 A electronic transition, giving a term energy of 0.9618 (19) eV for theÃ 2 A state of tBuOO as well as C-O-O bending and O-O stretching frequencies for this state. 35 a) Author to whom correspondence should be addressed. Electronic mail:
dneumark@berkeley.edu
The vibrational and electronic structure of the tBuOO radical can also be characterized by negative ion photoelectron spectroscopy of the corresponding anion. This approach has been used previously by Clifford and co-workers 26 to obtain the photoelectron spectrum of the closed-shellX 1 A tBuOO anion, probing theX 2 A andÃ 2 A electronic states of the neutral radical. These spectra gave an electron affinity (EA) of 1.196(11) eV forX 2 A tBuOO and the term energy of the excited state. Vibrational frequencies for both electronic states consistent with previous IR experiments were obtained, in addition to frequencies below 300 cm 1 that were not previously reported.
Slow photoelectron velocity-map imaging (SEVI) is a variation of traditional photoelectron spectroscopy that uses a tunable detachment laser and a velocity-map imaging (VMI) detection scheme optimized for the detection of slow electrons to obtain photoelectron kinetic energy spectra with submeV resolution. 36 The resolution of this method is enhanced considerably by cryogenically cooling the anions prior to detachment (cryo-SEVI), resulting in narrower molecular rotational profiles and removal of spectral congestion arising from hot bands. In the current work, we report the cryo-SEVI spectra of the tBuOO system and obtain vibrational resolution for theX 2 A ←X 1 A andÃ 2 A ←X 1 A electronic bands. The presented spectra show an improvement in resolution over previous results, resolving new vibrational structure and refining previously observed peaks. The attainable resolution in this particular system is ultimately limited by the threshold behavior of the detachment cross section, 37 and this is discussed in the context of Dyson orbital calculations.
II. EXPERIMENTAL METHODS
The cryo-SEVI method and apparatus have previously been described in detail. 36, 38, 39 In summary, cryogenically cooled anions are mass selected and focused into the interaction region of a VMI electrostatic lens, where they are photodetached and the electron kinetic energy (eKE) distribution is measured. By using a tunable detachment laser and relatively low VMI voltages, slow electrons are preferentially detected with high kinetic energy resolution, yielding peaks as narrow as 1.2 cm 1 fwhm for detachment from atomic anions. 40 The tBuOO anions are formed by flowing a precursor gas mixture containing trace tert-butyl hydroperoxide (tBuOOH) and NF 3 in He through a pulsed molecular beam valve fitted with a circular filament ionizer. 41 Electrons from the ionizer are injected into the precursor gas, leading to dissociative electron attachment to NF 3 that generates fluoride anions. F preferentially deprotonates tBuOOH at the hydroxyl site to form the tBuOO anion. Anions pass through a radiofrequency (rf) hexapole ion guide and quadrupole mass filter then are deposited into a cryogenically cooled rf octupole ion trap held at 5 K and filled with a buffer gas mixture of 20% H 2 in He. 39 Collisions with the cold buffer gas result in efficient cooling of the anions' internal degrees of freedom, yielding ions with typical internal temperatures of ∼10 K. 39, 42 After ∼40 ms in the trap, ions are extracted into an orthogonal Wiley-McLaren time-of-flight mass spectrometer 43 and focused into the interaction region of a VMI electrostatic lens, 44 where mass-selected ions are detached by a tunable dye laser pumped by either the second or third harmonic output of an Nd:YAG laser. The resultant photoelectron distribution is allowed to expand in a field-free region and is then projected onto a 2D detector consisting of two chevronstacked microchannel plates coupled to a phosphor screen that is photographed by a CCD camera. 45 Each image is analyzed for individual electron events, the centroids of which are calculated and binned into a grid that is sufficiently fine to ensure that spectral resolution is not limited by pixel size. 46 Images are accumulated over many laser shots, and the radial and angular distributions are extracted using the Maximum Entropy Velocity Legendre Reconstruction (MEVELER) method. 47 The VMI spectrometer is calibrated by obtaining images of well-known detachment transitions of atomic O and S at several photon energies. 48, 49 This procedure determines the relationship between the radius of a feature in the reconstructed image and the corresponding electron kinetic energy (eKE). Due to the approximately constant resolving power, ∆eKE/eKE, of the VMI lens, the best resolution is obtained for low-eKE detachment transitions. As such, a single SEVI spectrum consists of scans taken at several photon energies and plotted as a function of electron binding energy (eBE), given by eBE = hv eKE. To account for threshold effects on the detachment cross section, the individual high-resolution traces are scaled to match the intensities observed in an overview spectrum taken far above threshold.
The cryo-SEVI method also provides the photoelectron angular distribution (PAD) associated with a particular detachment transition, given by 50
where σ tot is the total detachment cross section, P 2 (x) is the second-order Legendre polynomial, θ is the angle of the outgoing electron velocity vector with respect to the laser polarization axis, and β is the anisotropy parameter, which ranges from
At each eKE, the anisotropy parameter reflects the amplitudes and phases of the orbital angular momentum components (s, p, d. . .) comprising the outgoing photoelectron wavefunction and thus provides insight into the shape and symmetry of the molecular orbital from which detachment occurs. 51,52
III. CALCULATIONS
All electronic structure calculations were carried out using version 4.4 of the Q-Chem software package. 53, 54 Optimized geometries, harmonic frequencies, and normal mode displacements for the ground state of tBuOO and the two lowest doublet states of tBuOO were determined at the B3LYP/6-311+G* level, which has previously been successful in predicting the SEVI spectra for detachment to neutral radical species. [55] [56] [57] The maximum-overlap method was employed to treat the excitedÃ 2 A neutral state. 58 The resultant energies, geometries, and frequencies are summarized in Figure S1 and Tables SI and SII of the supplementary material.
Dyson orbitals for theX 2 A ←X 1 A andÃ 2 A ←X 1 A detachment transitions were calculated using EOM-IP-CCSD/6-311+G*, and these were used as an input for the ezDyson program. 59 This software determines the contributions to the outgoing electron wavefunction from spherical waves of angular momentum ≤ 5 and uses this to calculate the detachment cross section and PAD as functions of eKE. 60 The resultant anisotropy parameters are shown in Figure S2 of the supplementary material, and the detachment cross sections will be discussed in Section V.
Franck-Condon (FC) simulations for theX 2 A ←X 1 A andÃ 2 A ←X 1 A electronic bands were carried out using ezSpectrum. 61 The B3LYP/6-311+G* geometries, frequencies, and normal mode displacements were taken as input to calculate the Franck-Condon overlap of the anion and neutral vibrational wavefunctions within the harmonic approximation, with Duschinsky mixing included to account for differences in anion and neutral normal modes. The neutral frequencies were scaled by a factor of 0.964 (0.947) for the ground (excited) neutral state so that the v 13 (v 14 ) fundamental matched experiment, and the origin of the simulated spectrum was shifted to the experimental band origin.
In cases where there were discrepancies between the simulated FC profiles and the experimental spectra, small displacements along various normal modes were applied to the ground and excited state neutral geometries in order to see if these discrepancies could be reduced. For a displacement of magnitude δ along normal mode v a , the transformed B3LYP/6-311+G* geometry is given by
where r
eq and r (i) are the equilibrium and shifted positions of the ith atom, respectively, and q (i) a is the displacement vector for the ith atom associated with mode v a . Normal mode displacement vectors used for these adjustments of the neutral geometries are provided in Table SIII of the supplementary material, and further details of these calculations are provided in Section I of the supplementary material. Figure 1 shows the full cryo-SEVI spectrum of tBuOO . In this figure and those that follow, the blue traces are lowresolution overview scans taken at photon energies well above the electronic band of interest, resulting in values of eKE ranging from 2000 to 6000 cm 1 for the band origins. Black traces are high-resolution SEVI scans taken near the detachment threshold for various peaks in the spectrum, yielding much slower electrons in the vicinity of these peaks.
IV. RESULTS
Two distinct bands can be seen in Figure 1 ; expanded views of these two regions are shown in Figure 2 (eBE < 16 000 cm 1 ) and Fig. 3 (eBE > 16 000 cm 1 ). All features in Figure 1 showed negative anisotropy parameters (Eq. (1)) for the observed kinetic energies, as will be addressed in more detail in Section V. The general structure of the two bands is similar, with both Figures 2 and 3 showing a dominant progression (X1-X4-X12-X18 and A1-A4-A7) modulated by one or more weaker, lower-frequency progressions. Similar structure was also observed by Clifford and co-workers, 26 albeit in lower resolution. From the previous photoelectron spectra of this system as well as the calculated energies, the lower-eBE region in Figure 2 is assigned to theX 2 A ←X 1 A ground state band, and the higher-eBE region in Figure 3 and excited state bands are ∼40 cm 1 and 20 cm 1 , respectively. The peaks are somewhat broader than usually obtained in cryo-SEVI measurements, particularly in the ground state band; this broadening reflects low detachment cross sections near the threshold and is discussed in Section V.
Due to the absence of vibrational hot bands resulting from the low temperature of cryo-SEVI, the first feature in each band (X1 in Figure 2 , A1 in Figure 3 in resolution over previous results. 26 The position of peak A1 relative to X1 provides the term energy of T 0 Ã 2 A = 0.9602(24) eV for the first neutral excited state, well within the error of the term energy measured using near-IR cavity ringdown spectroscopy. 35 FC simulations for both electronic bands are shown as red stick spectra in Figures 2 and 3 and can be seen to provide good agreement with the observed structure. This agreement facilitates assignment of several vibrational features, summarized in Tables I and II for the ground and excited states, respectively. The calculated normal coordinates for active modes participating in the spectra are shown in Figure 4 . Two peaks assigned in Table I 
V. DISCUSSION

A. Spectral assignments
Term values and vibrational frequencies extracted from the present results are summarized in Table III and compared to available literature data. Vibrational frequencies were determined by measuring peak displacements from the appropriate band origin. Error bars were obtained using standard error propagation formulas, taking the uncertainty in peak positions to be the width parameter obtained from a Gaussian fit to the experimental peak and taking the covariance between peak positions to be zero. Anharmonicity is expected to be non-negligible for the dominant progression in both electronic bands given the visible decrease in peak spacing in the main X1-X4-X12-X18 and A1-A4-A7 progressions.
The previously reported photoelectron spectrum 26 34, 35 The assignment of the lower-frequency progressions is slightly more challenging. Figure 2 demonstrates that peaks in the ground state band associated with the low-frequency v 21 mode reported in the previous work are closely spaced doublets with a ∼40 cm 1 splitting (peaks X2/3 and X5/6), whereas there is only a single peak in the simulations. In addition, several smaller peaks are seen and assigned to excitation of additional lower frequency modes, as indicated in Tables I  and III. The simulated peak for the two doublets involves v 21 , which is best described as CH 3 internal rotations with some C-O-O bending character (Figure 4 ). The C-O-O bending character results in a larger frequency than is typically expected for internal rotations. The other doublet component is likely due to vibrational mode v 22 , which corresponds to a similar totally symmetric motion as v 21 (though with less C-O-O bending character), and is calculated to be only 2 cm 1 lower in frequency. A reasonable explanation for the observed splitting is that both vibrational modes are in fact FC-active, and the activity of v 22 is not captured in the FC simulations shown in Fig. 2 due to slight inaccuracies in the B3LYP/6-311+G* optimized geometries resulting from treatment of the methyl groups.
To quantify the geometry displacement necessary to yield Franck-Condon activity in the v 22 mode, displacements along this normal coordinate as defined in Eq. (3) were applied to the calculatedX 2 A neutral geometry, and the resultant geometries were used to generate the FC simulations shown in Figure  S3 of the supplementary material. We find that displacements of magnitude 0.3 < δ < 0.4 along v 22 are sufficient to yield a doublet of peaks with approximately equal intensities. This geometry displacement, described more quantitatively in Table  SIV of the supplementary material, corresponds to a slight rotation of the out-of-plane methyl groups as well as a <2 • increase in the C-O-O bond angle. Thus, the lower-frequency progression in the ground state band that was resolved in the previous photoelectron spectrum is actually a progression in two close-lying vibrational modes, with frequencies v 21 = 279(21) and v 22 = 236(21) cm 1 .
In the excited state band, the FC simulation predicts that two features with similar intensity should be present where peak A2 appears, but only one feature is observed. Although the simulated peaks involving single excitation of the ν 22 and ν 23 modes are 25 cm 1 apart, the experimental peak A2 is only 20 cm 1 wide (i.e., the same width as the band origin, A1), suggesting that most of its intensity comes from a single transition. Again, we attribute this discrepancy to the high sensitivity of the FC intensities to the geometries and normal modes used to calculate them.
Comparison to the simulated spectra indicates that peak A2 corresponds to either the v 21 or v 22 fundamental. As such, small displacements along these normal modes were carried out on the excited state geometry, and the resultant FC simulations are shown in Figures S4 and S5 The FC-activity of O-O stretching modes can be understood from the localized nature of the detached anion orbitals. As can be seen in Figure 5 , the Dyson orbitals for detachment to both theX 2 A andÃ 2 A neutral states appear to be antibonding orbitals localized on the O-O bond. Detachment to both of these states removes density from these orbitals, resulting in a decrease in the length of this bond. This geometry difference between anion and neutral provides FC activity to v 13 in the ground state band and v 14 in the excited state band. Similarly, the involvement of modes possessing some CH 3 rotation character in the ground state band is likely due to the removal of electron density that can interact with the out-of-plane methyl groups. For the excited state, the lowerfrequency progression corresponds to a C-O-O bending mode (v 22 ), due to the removal of electron density within the symmetry plane upon detachment. The similar character of the two Dyson orbitals is likely the cause for the relatively small term energy of theÃ 2 A neutral state of tBuOO, which is similar to those observed for the first excited states of other simple ROO radicals. 27, 35 
B. Detachment cross sections
While the resolution of the photoelectron spectra presented here is improved compared to previous work on this system, the ultimate peak widths obtained are not as narrow as is often seen in cryo-SEVI experiments, particularly for theX band. This highlights the effects of the Wigner threshold law 37 on our ability to obtain a high-resolution cryo-SEVI spectrum, which in turn hinges on our ability to obtain SEVI spectra at low eKE. The Wigner threshold law states that the photodetachment cross section σ near the threshold for a particular transition scales as
where is the orbital angular momentum of the outgoing electron. Therefore, detachment transitions resulting in photoelectrons with appreciable s-wave ( = 0) character can be observed at photon energies close to the threshold, yielding low kinetic energies and the highest possible resolution. For photodetachment transitions dominated by higher values of , the cross section drops more rapidly as the photon energy approaches the photodetachment threshold, essentially raising the minimum eKE at which there is sufficient SEVI signal to observe a particular transition and leading to decreased energy resolution. 55 The factors determining which values of contribute to photodetachment have been discussed elsewhere 51 and can be quantitatively assessed for a particular system by performing a Dyson orbital analysis in which the photodetachment cross section is calculated as a function of eKE. 59, 60 The results for photodetachment of tBuOO to theX andÃ states are shown in Figure 5 . Both cross sections decrease more rapidly than (eKE) 1/2 , indicating that partial waves with > 0 contribute significantly to near-threshold photodetachment. This is confirmed by a partial wave decomposition analysis of the photoelectron wavefunctions for high-eKEs obtained in the Dyson orbital calculation, details of which are provided in Section II of the supplementary material. As can be seen from Table SV of the supplementary material, this analysis reveals that for an eKE of 1.05 eV, detachment to theX 2 A neutral state results in photoelectrons with larger contributions from > 0 spherical waves than detachment to theÃ 2 A excited state, with calculated fractional > 0 characters of 0.78 and 0.33 for detachment to the ground and excited states, respectively. As a result, the calculated cross section for photodetachment to theX state falls off more rapidly than for theÃ state, consistent with our ability to measure higher resolution SEVI spectra for theÃ band. Experimentally, these trends are supported by the results in Figures S6 and S7 of the supplementary material showing the attenuation of particular peaks as the eKE is decreased.
Anisotropy parameters for both electronic bands were found to be negative for the observed electron kinetic energies, in agreement with the results of Dyson orbital calculations ( Figure S2 in the supplementary material) . It should be noted that quantitative determination of the experimental PAD for theÃ 2 A ←X 1 A electronic band was not feasible due to complications arising in reconstructing VMI images with high-eKE features that do not entirely fall on the phosphor screen. However, visual inspection of the VMI images indicates that the excited state band is more isotropic than the ground state band, which is another reflection of the finding that theÃ 2 A ←X 1 A detachment transition yields photoelectrons with greater s-wave character than detachment to the neutral ground state.
VI. CONCLUSION
Cryo-SEVI spectra of tBuOO are presented, providing well-resolved vibronic structure of the two lowest electronic states of the neutral radical. These spectra yield several vibrational frequencies for both electronic states of the neutral, which are assigned by comparison to Franck-Condon simulations. The high resolution of the cryo-SEVI experiment reveals low-frequency vibrational modes not reported in IR experiments and new vibrational structure that was not observed in the previously reported anion photoelectron spectrum of tBuOO . The refined electron affinity and vibrational frequencies reported in this work are benchmarks that will assist in future studies of reactions involving the tBuOO radical and demonstrate the utility of cryo-SEVI as a spectroscopic probe for radical species.
SUPPLEMENTARY MATERIAL
See supplementary material for geometries, frequencies, calculated PADs, and descriptions of the geometry adjustments and partial wave analysis of Dyson orbitals described in the text.
